The lifetime and efficiency of dams is endangered by the process of sedimentation. To ensure the sustainable use of reservoirs, many sediment management techniques exist, among which venting of turbidity currents. Nevertheless, a number of practical questions remain unanswered due to a lack of systematic investigations. The present research introduces venting and evaluates its performance using an experimental model. In the latter, turbidity currents travel on a smooth bed towards the dam and venting is applied through a rectangular bottom outlet. The combined effect of outflow discharge and bed slopes on the sediment release efficiency of venting is studied based on different criteria. Several outflow discharges are tested using three different bed slopes (i.e., 0%, 2.4% and 5.0%). Steeper slopes yield higher venting efficiency. Additionally, the optimal outflow discharge leading to the largest venting efficiency with the lowest water loss increases when moving from the horizontal bed to the inclined positions.
Introduction
Reservoir operations must fulfill several requirements. On one hand, the long-term use of reservoirs should be ensured while meeting its purposes such as electricity generation, water supply for irrigation and households, flood protection, flow regulation and navigation. On the other hand, reservoirs cause the obstruction of rivers and should be operated in a way to minimize the environmental impacts downstream. Sedimentation of reservoirs is a process that affects the sustainability of reservoirs by reducing their storage capacity and simultaneously leads to downstream sediment impoverishment. For these reasons, managing reservoir sedimentation is of great importance. Many techniques to mitigate reservoir sediments are applied in reservoirs around the world (Annandale, 2005; Kantoush and Sumi, 2010; Schleiss, 2013; Schleiss et al., 2016) . Different criteria exist for choosing the most efficient sediment management strategy for a specific reservoir (Palmieri et al., 2001) . For instance, flushing of the reservoir can be performed if enough storage is available as large amounts of water are flushed downstream in a relatively short period of time (Lai and Shen, 1996) . Also, high suspended sediment concentrations (Espa et al., 2016 ) and ecological problems (Chung et al., 2008 ) might occur in the downstream river during flushing.
Nevertheless, fine and coarse sediments are mostly transported from the watershed into reservoirs during flood events. The coarse sediments settle at the entrance of the reservoirs forming a delta and the fine sediments can be transported along the reservoir down to the dam, mainly due to the formation of turbidity currents (Fan and Morris, 1992) . The latter are sediment-laden density currents formed during flood events (Meiburg and Kneller, 2010) . Once turbidity currents enter the reservoir, they plunge below the clear water surface due to their higher density. If the density difference between the clear water and the turbidity current is sufficiently high, the current can travel long distances (e.g., 80 km in Sanmenxia reservoir (Fan, 1986) and 129 km in Lake Mead (Morris and Fan, 1997) ) until reaching the dam where a muddy lake is formed. If no low-level outlet or intake is opened to evacuate the sediments at the right time, the suspended sediments in the muddy lake settle and may consolidate. Apart from filling up the reservoir, sediment deposits can block water release structures and lead to the abrasion of hydro-mechanical equipment. Many researchers have studied the dynamics of turbidity currents. For instance, Lee and Yu (1997) have experimentally studied turbidity currents in reservoirs, particularly the plunge point characteristics as well as velocity and concentration profiles. Lamb et al. (2004) described the deposits induced by surging and continuous turbidity currents in intraslope minibasins, inspired by the minibasins found in the Gulf of Mexico while Lowe (1982) presented depositional models of different types of turbidity currents based on their grain population. Other researchers also highlighted different aspects of turbidity currents (Alavian et al., 1992; Garcia and Parker, 1993; Kneller and Buckee, 2000; Simpson and Britter, 1979) .
In the particular case of sedimentation due to turbidity currents, venting through bottom outlets or intakes is highly recommended (Chamoun et al., 2016a) . This technique has both economic and environmental advantages because outflow discharges used during venting and the resulting sediment concentrations are relatively low. By directly transiting the suspended sediments contained in turbidity currents, the eco-morphological continuity in terms of fine sediments is preserved.
Venting of turbidity currents is documented in numerous reservoirs worldwide (Chamoun et al., 2016a) . Lee et al. (2014) investigated venting operations in the Tsengwen reservoir in Taiwan through a hybrid numerical, theoretical and experimental approach leading to a formula used to predict sediment concentrations and venting efficiencies. Fan (1986) proposed a methodology to estimate the characteristics of turbidity currents progressing in a reservoir and verified the method by applying venting in his model and successfully comparing the efficiency of venting with efficiency data observed in Guanting and Lake Mead reservoirs. Morris and Fan (1997) studied the influence of the reservoir's length and outflow discharge on the efficiency of venting operations based on data from Sanmenxia, Guanting, Heisongling and Lake Mead reservoirs. In Switzerland, at Mapragg reservoir, venting was economically optimized by implementing alarm systems that are triggered only when a turbidity current is reaching the dam with a minimum concentration of 2 g/l. In these cases, venting is considered to be a more profitable technique to mitigate the sediments than a future dredging (Müller and De Cesare, 2009 ). Many other field experiences provide crucial information on the operation of venting and its efficiency. Examples include the Dez Dam in Iran (Schleiss et al., 2010) , the Iril Emda reservoir in Algeria (Raud, 1958) , the Elephant Butte reservoir in the USA (Lara, 1960) , and the Großs€ olk reservoir in Austria (Schneider et al., 2007) among others. However, systematic research on venting turbidity currents is still lacking and very few experimental studies (Chamoun et al., 2017; Fan, 1986; Lee et al., 2014; Yu et al., 2004) were carried out and published. Dam operators still miss the required knowledge needed for an optimal performance of venting operations. The main parameters affecting the efficiency of venting operations are well known from field experiences. Such parameters include the outlet discharge, the timing of venting (Chen and Zhao, 1992) , the reservoir bed slope, and the position and size of the lowlevel outlet among others (Morris and Fan, 1997) .
The present paper aims to experimentally investigate the operation of venting turbidity currents. The combined effect of bed slope and outflow discharge on the release efficiency of venting is studied. Due to the high measurement frequency, the effect of the duration of venting was also assessed. The experimental set-up, measuring instruments, testing procedure and analysis concept are firstly presented. The turbidity currents generated are then characterized, followed by the evaluation and discussion of the venting efficiency obtained under different bed slopes and outflow discharges. Finally, conclusions and an outlook are presented.
Experimental set-up
The tests are performed in a narrow flume of 8.55 m length, 0.27 m width, and 0.9 m height. The flume is divided into three parts i.e., a head tank, a main flume simulating the reservoir, and a downstream compartment (Fig. 2) . It can be tilted from a horizontal position to a 5% slope. The water-sediment mixture is prepared in a mixing tank. The latter is equipped with a submerged pump that internally recirculates the mixture, ensuring good mixing by avoiding the settling of the sediments before and during the tests. The mixing tank is connected to the head tank by two pipes; a pumping pipe is used to pump the mixture from the mixing tank to the head tank and a restitution pipe used to spill the mixture back into the mixing tank. A rectangular inlet (Fig. 3(b) ) is placed on the whole width of the flume, between the head tank and the main flume. A sliding gate (red slab in Fig. 1 ) serves to open and close the inlet. The sliding gate is kept closed (lower position) before the beginning of the test and is opened (higher position) to trigger the turbidity current and start the test. The main flume simulates the reservoir receiving the turbidity current. At a distance of 6.7 m from the inlet, a wall is positioned representing the dam with a bottom outlet (12 Â 9 cm 2 ) centered on the width of the flume (Fig. 2(b) ). The wall also serves as a weir spilling the clear water from the main flume during the turbidity current flow in order to maintain the clear water level. When venting begins, a venting pipe evacuates the flow into a downstream tank where concentration measurements are taken. Furthermore, a recirculation pipe is placed between the downstream compartment and the main flume. It serves for pumping clear water from the downstream compartment back into the main flume (through a diffusor shown in Fig. 3 ) in the cases where the outflow discharge is higher than the turbidity current's discharge, in order to avoid the lowering of the clear water level of the flume.
The sediment material used consists of a polyurethane powder 
Experimental measurements
Several parameters are measured throughout the experiments:
-Discharges are measured using three electromagnetic flowmeters. One is placed at the pumping pipe ( Fig. 1 ) to measure the inflow discharge Q TC of the turbidity current. A second one is placed at the venting pipe ( Fig. 1 ) to measure the outflow discharge Q VENT used for venting. Finally, a third flowmeter is placed at the recirculation pipe ( Figs. 1 and 3 ). The latter measures the discharge of clear water pumped from the downstream compartment to the main flume Q RES . In the range of the discharge values used, the accuracy of the flowmeters is estimated at ±0.6% (EndressþHauser, Switzerland). -Concentrations are measured using two SOLITAX sc turbidity probes. One is placed at the head tank and the other one at the exit of the venting pipe. These probes measure turbidity values in FNU. Through a calibration procedure, turbidity is converted into concentration values in g/l. Concentrations of the turbidity current inflow C TC and the vented current C VENT are measured with an accuracy of around 1%. -Water levels are measured using two ultrasonic level probes placed in the head tank and in the main flume. Levels are kept constant and equal in order to ensure that there are no fluxes between the clear water of the main flume and the mixture of the head tank, which could dilute the latter, reduce its concentration, and affect the inflow discharge. The accuracy of this instrument is around ±0.5 mm (Baumer, Switzerland). -Velocity profiles are measured at different locations (i.e., 2.8 m, 4.1 m, 5.5 m, 5.8 m, 6.0 m, and 6.2 m from the inlet) in the main flume using Ultrasonic Velocity Profilers (UVP, Metflow, Switzerland) . The emitting frequency is 4 MHz. The sampling period of the UVP is 38 ms per profile. The main source of error can be due to a misalignment of the transducers. The error in the inclination was estimated by Oehy (2003) who used the same type of UVP mount, as less than 0.5 corresponding to ± 3% of velocity error. -Deposition is measured along the flume using an electrical resistance-based depositometer (ERBD) which converts electrical resistance into deposited quantities (mass or thickness). The theoretical details and calibration procedure can be found in
De Rooij et al. (1999) , Oehy (2003) and Chamoun et al. (2016c) . Deposition is measured in space and time at 62 fixed points of the main flume. An error analysis (Chamoun et al., 2016c) showed that the total error that can affect the measured thickness of the deposit is around 0.06 mm (zd 10 ). -Temperatures are measured in the head tank and in the main flume before and after the tests for two main reasons: (1) during the tests, these two temperatures should be close enough to keep the density difference solely due to the presence of suspended particles. The average temperature difference of the considered tests is 2.5 C, which corresponds to a density difference of 0.00025 g/cm 3 , equivalent to only 7% of the density difference due to the suspended sediments; (2) the value of the electrical resistance measured by the ERBD not only depends on the layer thickness but also on the water temperature in the main flume which is needed for the calculation of the deposition values. -Videos and photos of the tests are obtained using a camera placed 1.5 m facing the flume. The resolution of the video recordings is 1080p ¼ 1980 Â 1080 pixels.
Measurement acquisition frequency of the electromagnetic flowmeters, ultrasonic level probes, ERBD, and turbidity probes is around 2.75 Hz corresponding to a time step of 0.36 s.
Experimental procedure
At the beginning of a test, sediment material was added to clear water in the mixing tank until reaching the fixed concentration value C TC defined for the test. Meanwhile, the main flume was filled with clear water up to a level of 80 cm (at the downstream wall) when using the 0% and 2.4% slopes and a level of 92 cm (at the downstream wall) when using the 5.0% slope. Once the mixture was ready and the main flume filled with clear water, the watersediment mixture was pumped from the mixing tank into the head tank through the pumping pipe. It was then spilled back into the mixing tank using the restitution pipe and was therefore mixed between both tanks. This process lasted for a few minutes until the mixture was judged homogeneous and the measured concentration at the head tank reached the expected value for the test. At that moment, the valve of the restitution pipe was closed and the sliding gate was opened. Therefore, the pumped mixture from the mixing tank directly reached the main flume through the inlet. Due to density difference, a turbidity current is generated inside the main flume. The turbidity current was continuously-fed with a constant inflow discharge Q TC and concentration C TC . The current advanced along the main flume until reaching the wall/bottom outlet at which point it was vented by applying an outflow discharge Q VENT through the bottom outlet. The evacuated current then reached the downstream tank where outflowing concentration measurements C VENT were taken.
Experimental conditions
Three main parameters are evaluated: (1) the bed slope and (2) the outflow discharge. Three different bed slopes are tested: a horizontal bed (0%), slopes of 2.4% (1.4 ) and 5.0% (2.9 ). For each slope, the venting degree F ¼ Q VENT /Q TC , defined as the ratio between the outflow discharge Q VENT and the discharge of the inflowing turbidity current Q TC was varied and the efficiency of venting was evaluated. Three series of tests (i.e., E0, E1 and E2 in Table 1 ) each corresponding to one bed slope are considered. Due to the high frequency of measurements, the influence of the duration of venting could be also assessed. Table 1 provides the inflow and outflow boundary conditions of the tests. C TC is the initial concentration of the inflowing turbidity current, r t0 is the initial density of the turbidity current, g' 0 ¼ g C TC ((r s -r w )/r w ) (where g is the gravitational acceleration and r w the density of the clear water) is the initial reduced gravity of the current, and B 0 ¼ g 0 0 q TC (where q TC is the initial specific discharge of the current) is the initial buoyancy flux of the turbidity current (Graf and Altinakar, 1995) .
In order to reduce the effect of turbidity currents dynamics on the results of venting efficiencies and focus on the effect of bed slope and outflow discharge, the turbidity currents' inflow concentration and discharge are not varied. In the following, the steadiness of inflow concentration and discharge as well as outflow discharges are checked. The results include all the tests: -On average, the initial concentration of the turbidity currents (Table 1) is C TC ¼ 25 g/l (volumetric concentration of 2.1%). For a single test, the average standard deviation of inflow concentration is 1.9 g/l while the standard deviation of the concentrations between the tests is 2.6 g/l. The initial concentration of turbidity currents was thus sufficiently steady throughout the tests. -The initial turbidity current discharge is of 1 l/s on average for all the tests. For a single test, the average standard deviation of the turbidity current discharge is Q TC ¼ 6 Â 10 À3 l/s, and the standard deviation between the tests is 9 Â 10 À3 l/s. Thus, steady inflow discharges were also ensured at the inlet. -The standard deviation of the outflow discharge averaged on all the tests is 0.01 l/s, representing only 3.6% of the smallest tested outflow discharge (0.3 l/s). Constant outflow conditions were accomplished during the tests. -Water level differences between the head tank and the main flume during the tests are of 9 mm on average, representing 0.8% of the maximum water depth (the latter is 80 cm for the 2.4% slope and the horizontal bed and 92 cm for the 5.0% slope). 
Analysis concept
The principal goal of this work is to investigate the influence of the venting degree and bed slopes on the sediment release efficiency of venting. Nevertheless, before discussing the venting efficiency, the generated turbidity currents are characterized in terms of velocity, rate of turbulence and deposition, in order to provide a better understanding of the type and dynamics of the turbidity currents under study, particularly when it comes to scaling up the results. The efficiency of venting is analyzed based on two different definitions: the local venting efficiency (LVE) using only sediment masses and the venting efficiency indicator (VEI) combining sediment masses with water losses. The two definitions are time integrals and can thus be evaluated all along the duration of the venting operation: -The LVE represents the ratio between (1) the total mass of sediments vented starting the beginning of venting (t ¼ T vi ) and until the end of the operation (t ¼ T vf ):
(2) the total mass of inflow sediments from which the total mass of deposited sediments is subtracted:
sediment mass flow rate. The deposited mass is subtracted since venting does not induce retrogressive erosion and deposited sediments are not likely to be evacuated. -The VEI consists on multiplying the LVE by a global volumetric concentration defined by the ratio between the total volume of sediment vented and the total volume of clear water released during venting: LVEð
Using these equations, the LVE and the VEI can be calculated punctually at a specific time of the test t after the beginning of venting, or they can be assessed in time by calculating the integrals at each measuring time step until t ¼ T vf . The most favorable scenario is considered to be the one leading to the highest sediment mass evacuated with the smallest water loss possible. Additionally, in the aim of offering an analogy with prototype cases, a normalized duration of venting was proposed, the quasi-steady state was averaged and used to reach a normalized duration of venting expressed by
app is the reduced gravitational acceleration of the current while approaching the bottom outlet and h L is the height of aspiration reached by the outlet to evacuate sediments approaching it (Craya, 1949; Fan, 1960; Gariel, 1949) . These definitions were initially introduced and detailed in a previous publication (Chamoun et al., 2017) . All equations corresponding to the above mentioned concepts can be found in the appendix attached to the present article.
Results and discussion

Development of the front and head of the turbidity current
Using the video recordings, the size of the turbidity current's head was assessed for each of the three slopes. All the tests performed on the same slope were considered and the values of H head observed at a specific distance x from the inlet were averaged between the different tests. This calculation was repeated for eight different positions x (corresponding to the 8 points by slope in Table 1 Characteristics of the inflow and outflow boundary conditions of the generated turbidity currents.
Test No.
S (%) Inflowing turbidity current 4 ). Fig. 4 shows the development of the head size of the current H head , normalized by the height of the inlet h in ¼ 0.045 m. It is plotted relatively to the position x of the current's head from the inlet which is normalized by the length of the main flume L ¼ 6.7 m. Note that the observations start only at x/L z 0.44 because of the presence of a metallic wall as part of the flume's structure before that distance (Fig. 2(a) ).
The head of the turbidity current increases with distance and with increasing slopes. In fact, the higher the slope, the higher the clear water entrainment, which causes the increase of the size of the head. However, with a horizontal bed, the head increases more or less linearly with distance from the inlet. For the 2.4% and 5.0% slopes, starting x/L z 0.8, the current's head seems to develop exponentially while approaching the wall. A closely similar behavior was observed by Lee and Yu (1997) who also described an exponential increase in the head height of turbidity currents with distance. However, in their case the inlet was represented by a stable plunge point and the increase of head height was preceded by a decrease due to different dynamics involved during the formation of the turbidity current at the plunge point.
In Fig. 5 , the rate of increase of H head in space, dH head /dx was averaged for each slope based on the data in Fig. 4 and plotted relatively to the bed slope. The results from this study (values are shown in brackets in Fig. 5 ) are compared with the ones obtained by Britter and Linden (1980) for saline currents which were extrapolated by Altinakar et al. (1990) leading to dH head /dx ¼ 0.23a (in radian). The latter is valid for saline currents and for 5 a 90 . However, Altinakar et al. (1990) concluded based on their data that turbidity currents' head grew faster than saline currents'. A comparison between the data of Britter and Linden (1980) and those of the present study also lead to the same conclusion (Fig. 5) . Also, on a horizontal bed (a ¼ 0 ), dH head /dx s 0 for turbidity currents, unlike for saline currents where the head's size does not increase with the distance (dH head /dx ¼ 0) on a horizontal bed. This explains the shift between the two lines of Fig. 5 .
In the following, front velocity values are obtained by progressively considering two different positions of the turbidity current's head in the flume and noting the duration spent by the current to travel from the first position to the second. Then, the velocity is calculated and corresponds (in the plot of Fig. 6 ) to the point located halfway between the two positions considered. The front velocity U f at a specific location was averaged for all the tests performed using the same slope. In fact, the characteristics of the turbidity currents were similar and thus their front velocities were also similar when considering the same slope. The fluctuation (standard deviation) of the front velocity around the average when considering all tests is of 13%. The average values are thus representative. In Fig. 6 , the front velocity normalized by the settling velocity of the material v s is plotted as a function of the normalized position x/L for the different slopes. In the three cases, turbidity currents decelerate with more or less the same rate. In fact, the increase in the head size with increasing slopes (Fig. 4) suggests high water entrainment. Therefore, despite the fact that the gravity acceleration component parallel to the slope is increasing with the slope and is thus expected to accelerate the current, it is being counterbalanced by water entrainment. This leads to quasi-similar front velocities for the three slopes. the inlet). For all the cases, the profiles taken at the head of the current (3D velocity fields) are discarded and only the profiles in the body are considered. The profiles at x ¼ 4.1 m from the inlet were chosen to represent the turbidity current's velocity. An average profile was calculated for each slope. Fig. 7 shows the velocity u normalized by the maximum velocity of each profile (U max ) along the measuring height h normalized by h max corresponding to U max . Using Turner's equations (Ellison and Turner, 1959) , the representative velocity U and height H of the currents are calculated for the three slopes. Based on these data, the bulk Richardson number can be concluded Ri ¼ (g'Hcosa)/U 2 where g' is the estimated reduced gravity at x ¼ 4.1 m. Consequently, the Froude number Fr ¼ 1/Ri 0.5 could be estimated. The currents are subcritical on the 0% and 2.4% slopes and slightly supercritical on the 5.0% slope. Additionally, the Reynolds number was calculated as Re ¼ UH/n where n is the kinematic viscosity of water. Table 2 provides a summary of the above mentioned parameters. The values presented are averages of all the tests performed using the same slope. The turbidity currents encountered in reservoirs are commonly highly turbulent; similar Reynolds numbers are hardly achievable in laboratory. However, for all the cases, Re > 2000 suggesting that all the turbidity currents generated are fully turbulent (Kneller and Buckee, 2000) . Thus, the Froude number similarity can be applied and the results can be scaled up to prototype.
Body velocity
Deposition
The total mass of sediment deposited along the flume right before opening the outlet (at the arrival of the current to the wall) M deptot is compared to the total sediment mass of the inflowing turbidity current M intot for the three different slopes. Table 3 shows a slight increase of the deposited mass with increasing slopes. In fact, as mentioned previously, higher slopes yield a higher water entrainment which results in a higher dilution of the current, thus the density difference Dr ¼ r t -r w between the turbidity current (r t ) and the clear water (r w ) decreases. Consequently, the reduced gravitational acceleration g 0 ¼ g (Dr/r w ) decreases leading to the decrease of the buoyancy of the current. The latter represents the ability of the current to keep sediments in suspension. All this results in quite similar or higher deposition when increasing slopes from the horizontal position. In fact, the tested slopes are too small to impose a sustainable increase in the buoyancy, which could potentially lead to a higher capacity of suspending sediments. The type and settling velocity of the sediments used are most probably the main reason for this behavior.
Normalized outflow concentration
Once the current reaches the bottom outlet to be vented, part of the current is reflected and another part is obstructed by the wall forming a muddy lake. Thus, when venting is applied, the evacuated flow depends on the dynamics and density of the muddy lake in its vicinity.
In the following, the outflow concentration C VENT was normalized by the inflow concentration C TC . Fig. 8 shows an example of the variation of the normalized outflow concentration C VENT /C TC as a function of the duration of venting t-T vi , where t is the duration of the test (t ¼ 0 corresponds to the time at which the gate is opened and the current is triggered) and T vi is the time at which venting starts (corresponding to the arrival of the turbidity current at the outlet), for the case of f ¼ 50%. Note that the value of t ¼ T vi is not the same for all tests since the exact moment at which the current reaches the outlet and venting starts is slightly different between the tests. During the analysis, the determination of the value of T vi is done by noting the time t at which Q VENT > 0.
Increasing slopes generally resulted in higher outflow concentrations. However, this variation is much clearer when moving from the horizontal bed to the 2.4% slope than moving from the slope of 2.4%e5.0%. C VENT /C TC is around 9% for the horizontal bed and between 11% and 12% for the 2.4% and 5.0% slopes respectively. Thus, for all the cases, there is a dilution of the current before reaching the bottom outlet, due to deposition. Based on the results of the outflow concentrations obtained for the three different slopes, it can be concluded that the trend of concentrations can be divided into two phases, starting with an increase of concentrations until reaching a quasi-steady state. Fig. 9 shows the muddy lake after a duration of venting of t-T vi ¼ 260 s, for the horizontal bed and for the 5.0% slope. The photos in Fig. 9 show that by increasing the bed slope, the turbidity current is less reflected and the muddy lake that is formed is thus more concentrated. With a horizontal bed, the reflected turbidity current could reach large distances upstream while for the 5.0% slope, the suspended sediments did not spread much further than around 2 m from the wall. Other research studies investigated the reflection of turbidity and saline currents, particularly in terms of deposition (e.g., De Rooij and Dalziel, 2009; Kneller et al., 1991) . However, it was mostly for lock-exchange triggers unlike the present case.
Venting efficiency
The concepts described in section 3.2 are used henceforth. As a first analysis, the efficiency of venting was evaluated based on the LVE, calculated for each slope after a specific duration of venting (Fig. 10) . In fact, venting did not last for the same duration for the different tests. Therefore, a common duration was determined for each slope based on the shortest test, for comparison purposes. Notably, for the horizontal bed (S ¼ 0%), the shortest (common) duration of venting was t-T vi ¼ 212 s; for S ¼ 2.4%, this duration was t-T vi ¼ 190 s and for S ¼ 5.0%, t-T vi ¼ 127 s. In Fig. 10 , LVE values are highlighted for cases where increasing the venting degree is the least efficient. For the horizontal bed, f ¼ 100% and f ¼ 115% result in closely similar values of efficiency. For the 2.4% and 5.0% slopes, the efficiencies obtained with f ¼ 135% and f ¼ 155% have very similar values.
This type of analysis is comparable to the type of results obtained in prototype cases where the sediment release efficiency is commonly calculated at the end of the flood or the venting operation to estimate the total amount of sediment released. However, in order to have a closer look, it is of interest to evaluate the variation of LVE as a function of time and to verify whether the tendencies of Fig. 10 are only "local in time'' and dependent on the duration of venting. Table 3 Percentage of deposited mass compared to inflowing mass for the different slopes. 
Local venting efficiency in time
Based on previous results of LVE and VEI obtained on the horizontal bed (Chamoun et al., 2017) , venting turbidity currents reached the highest efficiency for F ¼ 100%. In other words, the highest sediment release was obtained with the lowest water loss for this venting degree. In the following, these parameters are assessed with the slopes of S ¼ 2.4% and S ¼ 5.0%.
Figs. 11 and 12 show that LVE values in time increase with increasing venting degrees except when moving from F ¼ 135% to F ¼ 155% where LVE values remain closely similar. This is observed for both slopes and suggests that when an outlet capacity can reach F ¼ 155% venting turbidity currents on a 2.4% or 5.0% slope should be limited to F ¼ 135%. Additionally, for the 5.0% slope, a peak is observed at the beginning of venting, delaying the steady state relatively to the 2.4% slope. The steeper the slope, the less the reflection of the turbidity current at the dam and the more concentrated the muddy lake will be. The values of the peaks increase with increasing venting degrees.
However, if venting is applied with F ¼ 200%, the efficiency is seen to increase again compared to that obtained with F ¼ 135%. In this context, a brief analysis by Chamoun et al. (2016b) based on data from 22 Swiss dams showed that the capacity of bottom outlets is generally smaller than 200% compared to the potential flood-induced discharge of the approaching turbidity current to be vented. Therefore, it is assumed that the increased efficiency obtained for the case of F ¼ 200% is due to approaching flushing conditions more than venting conditions.
In terms of duration, the LVE values reach a steady state for almost all venting degrees and with all the slopes. The steady state lasts until the end of the tests. This duration is considered long enough to maintain steady efficiency values in time, as long as the turbidity current inflow is continuous. The experimental tests' duration can be related to prototype duration. Using the experimental height of the current H and the settling velocity s of the sediment material, an experimental ''settling time'' t s ¼ H/v s of the particles is calculated. The maximum experimental duration of venting that was tested is around t exp ¼ 300 s. The latter can be normalized as t exp /t s . The value of t exp /t s is 2 for the horizontal bed, 2.4 for the 2.4% slope and 3.2 for the 5.0% slope. The turbidity currents found in prototype have typical heights around 5e15 m (Nizery et al., 1952; Sinniger et al., 1994; Xu et al., 2004) . Considering H prot ¼ 10 m with the same settling velocity v s , the prototype settling time t sprot ¼ H prot /v s z 6667 s. Therefore, the venting duration of 300 s in the experimental time corresponds to more or less t prot ¼ t sprot Â t exp /t s z 4e6 h of venting in prototype conditions.
Venting efficiency indicator and water losses
In most of the cases where venting is applied, water is in shortage and a drawdown of the reservoir's water level should be avoided. In the following, the variation in time of VEI (defined in section 3.2) which takes into account water losses is evaluated for the two upper slopes. The results (Figs. 13 and 14) confirm the conclusions obtained based on the LVE: by considering water losses, the curves corresponding to F ¼ 155% slightly drop below the ones corresponding to F ¼ 135%. Additionally, with the 5.0% slope, the VEI curves for F ¼ 135% and F ¼ 200% get closer. These results suggest that an optimal venting is obtained with F ¼ 135% when using bottom outlets having a capacity up to 155% of the turbidity current's discharge Q TC . However, in the case where the capacity of the outlet reaches 200% of the turbidity current's discharge, which is not very common, results showed that the efficiency in terms of both sediment release and water losses is the highest with F ¼ 200%. This might be due to some relatively higher local erosion and the higher height of aspiration of the outlet that forces the muddy lake to stay close to the outlet.
Local venting efficiency with different slopes
The local venting efficiency in time for a specific venting degree is compared for the different slopes hereafter. Based on Figs. 15 and 16, for the same venting degree (f ¼ 50% and f ¼ 100% respectively) the LVE increases with increasing slopes. It is mainly due to the behavior of the muddy lake as well as the deposition, discussed in sections 4.3 and 4.4.
Therefore, in the range of the slopes studied in this research, which are representative of prototype slopes commonly found in the vicinity of the dam, one can conclude that a higher slope yields a higher venting efficiency. The main reason is that for higher slopes, the upstream reflection of the current at the dam decreases and the muddy lake formed has relatively high concentrations. Hence, venting should start directly after the commissioning of the dam, in order to maintain the formation of a cone in front of the low-level outlets and avoid the filling of the dead storage. The formation of the cone is guaranteed by the lower height of aspiration of the outlet. By keeping the steepest slope possible upstream of the outlet, the flattening of the bed will be avoided, thus maintaining relatively high venting efficiencies and keeping the outlet structures free of sediments. 
Conclusions
Sedimentation of reservoirs is a critical issue causing the loss of storage capacity of reservoirs, the clogging of outlet structures, the damage of hydraulic machinery, as well as downstream impoverishment of ecosystems. In the particular case where sedimentation is caused by turbidity currents, venting through outlets or intakes can ensure the sustainability of the storage. In the present paper, venting of turbidity currents through a bottom outlet is experimentally investigated using three different slopes (i.e., 0%, 2.4% and 5.0%) and applying various venting degrees defined as the ratio between outlet discharge and turbidity current discharge.
The experimental results are evaluated based on a defined local venting efficiency (LVE) which compares the released sediment mass to the turbidity current's sediment mass from which the deposited mass is subtracted. By definition, the LVE only accounts for the duration of the inflow starting the beginning of venting. On a different note, a venting efficiency indicator (VEI), which considers both sediment masses and water losses, is also used for the assessment of the operation's efficiency.
The results revealed that unlike the case of a horizontal bed where a venting degree of f ¼ 100% led to the highest efficiency, for the two upper slopes (i.e., 2.4% and 5.0%) the highest release efficiency was obtained with f ¼ 135%. This is mainly due to the fact that with higher slopes, the turbidity current reaching the outlet is less reflected upstream. The muddy lake from which the outlet extracts is thus more concentrated and for longer periods of time. Additionally, venting with higher slopes led to higher venting efficiencies for the same venting degree. Therefore, the steeper the thalweg upstream of the dam, the higher the efficiencies reached during venting. In terms of sediment transport and river revitalization downstream of dams, the technique of venting turbidity currents, if well optimized, offers environmental benefits. It has the advantage of using relatively low outflow discharges and directly transiting the amount of fine sediments, with natural concentrations, required by the river. As no reservoir drawdown is usually needed, the water losses remain minimal. Since very fine sediments have the ability to clog small interstices needed for the fish to place their eggs, venting can be extended even after the flood to "rinse'' the downstream river with clear water. Finally, transiting the fine sediments suspended by turbidity currents to the downstream environment is important, however, the coarse sediments are also crucial for a healthy ecosystem. Therefore, venting should be applied from the beginning of the dam operation and should be ideally combined with replenishment techniques which can supply coarse sediments to the downstream environment. Initial density of the turbidity current (kgm À3 )
